The paper deals with a low-temperature thermally driven desalination unit exploiting the HD (humidification/dehumidification) process. The system is a closed air cycle unit and is based on a single-effect humidification/dehumidification technique: heated seawater is introduced into the humidification section of a closed tunnel to saturate the circulating air; then the water vapor in moist air separates within the condensation column, where freshwater production takes place. A HD desalination prototype has been designed, assembled and fully instrumented in order to monitor all physical quantities and to evaluate the performance under different operating conditions. The prototype has been experimentally investigated on a test facility established at the Bergamo University Labs. The results of the measurement campaign are presented and discussed. A computer code for simulating the desalination process has also been developed and it was validated by the experimental data. The modeling procedure investigates air and water thermodynamic properties across every component and allows to predict the HD desalination unit performance, varying seawater and air flow rates, the heat source temperature level and the heat exchanger surfaces.
Introduction
According to the data from International Desalination Association, the desalination plants worldwide amount to more than 17,000 units, with a global capacity higher than 80 million cubic meters per day. Desalination is being used in about 150 countries worldwide, meeting the water needs of an estimated 300 million people [1] . Most of the production comes from the Gulf Area (Saudi Arabia, 9.17 million m 3 /d; UAE, 8.38 million m 3 /d) [2] . Commercially, the two most important technologies are based on the RO (about 60% of the global installed capacity) and MSF (about 27%) processes. Today, developments in desalination technologies are specifically aimed at reducing energy consumption and cost. Advancements include new and emerging technologies which make use of low grade thermal energy, like MED, solar distillation, HD desalination, NVD and membrane distillation. The desalination industry is also paying a great deal of attention to environmental considerations. Environmental safeguards have become increasingly important in siting and permitting of new plants. In this scenario, the HD desalination technique can play an important role, as it is a suitable solution for small size systems and it can make use of renewable energy or recovered heat.
Nomenclature
Water desalination by air humidification and dehumidification has been the subject of many investigations. A large number of papers in the open literature are focused on the simulation of the humidification/dehumidification process. Nawayseh et al. [3] developed a simulation program to describe the performance of HD desalination units and to evaluate the effect of different parameters such as the condenser and humidifier area, as well as the effect of the feed water flow. A steady-state mathematical model was developed by Xiong and Wang [4] to evaluate the mass transfer coefficient at the humidification side. Franchini and Perdichizzi [5, 6] presented a computer code simulating the operation of a low-temperature HD system coupled with a LiBr absorption chiller. They demonstrated the feasibility of an integrated cooling-desalination system where a LiBr absorption machine is driven by solar collectors and the low-temperature heat rejected by the chiller is exploited to drive the HD process.
Other published papers deal with the experimental investigation of desalination prototypes based on HD process. Al-Hallaj et al. [7] investigated a solar desalination unit exploiting HD process. In their unit the circulated air by natural or forced convection was heated and humidified by the hot water obtained either from a flat plate solar collector or from an electrical heater. The latent heat of condensation was recovered in the condenser to preheat the saline feed water. Chafik [8] presented the development of a process using the solar energy to heat airflow up to a temperature between 50 and 80°C. The moderate solar heated air is humidified by injecting seawater into the air stream. Later on, the desalted water is extracted from the humid air by cooling it. Using air as a heat carrier and keeping the maximum operating temperature in the process lower than 80°C enables the use of cost effective polymers as construction material. Bouroni et al. [9] experimentally investigated a desalination plant using the aero-evapo-condensation process. The system consists of a falling film evaporator and condenser made of polypropylene. It was designed to work at low temperatures (70-90°C). It was shown that the process can be attractive in the arid and semi-arid areas, which have important resources of hot brackish water, although the energy required by the plant is relatively high.
A solar desalination unit with humidification and dehumidification was presented by Dai and Zhang [10] . Experiments on the unit showed that the performance of the system is strongly dependent on the temperature of inlet salt water to the humidifier, the mass flow rate of salt water, and the mass flow rate of the process air.
A dynamic modeling of a water desalination prototype by solar energy using humidification-dehumidification process was developed and experimentally validated by Ben Bacha [11] : the system employs a field of flat-plate air solar collectors and a field of flat-plate water solar collectors for separately heating air and seawater. A similar system making use of solar air heaters was investigated by Yamali and Solmus [12] : they performed an experimental study on a pilot plant located at Ankara to investigate the influence of different operating conditions. So, in the recent past many researchers focused their attention on the development of new desalination system based on HD technique, reflecting the strong interest in this technology. The present work aims to give a contribution to the development of innovative and efficient desalination systems harvesting low-grade heat.
Humidification/Dehumidification process
The HD process is based on the fact that air can be mixed with important quantities of vapor. When an airflow is in contact with salt water, air extracts a certain quantity of vapor at the expense of sensitive heat of salt water. On the other hand, distilled water is recovered by maintaining humid air at contact with cooling surfaces, causing the condensation of a part of vapor mixed with air. Generally the condensation occurs in another heat exchanger where salt water is preheated by latent heat recovery. An external heat contribution is necessary to drive the system.
The basic cycle consists of heat source, air humidifier and dehumidifier (Fig. 1) . A humidifier is used to saturate circulating air. In the condenser the hot humid air goes in contact with the cooled surfaces which make happen the condensation of water vapor and a production of fresh water takes place. The condensation heat is used to preheat the sea water. The HD desalination technique typically operates at ambient pressure with heated sea water temperature included in the range between 70°C and 95°C. The goal of the present work is to explore the operation of the desalination system at lower temperatures, in the range 45-65°C in order to exploit low grade heat sources. 
Description of the prototype
A prototype of a HD desalination unit was designed and assembled at the Bergamo University Labs. Fig. 2 shows a 3D rendering of the system and a picture of the prototype on the testing facility. A variable speed blower (visible on the bottom) allows the air to circulate within the closed tunnel. Flow deflectors are used to reduce pressure drops within the circuit. The right-hand vertical column contains the humidification section: here a number of full-cone and hollow-cone nozzles spray the preheated seawater in a countercurrent air stream. The spatial distribution of nozzles was designed to properly direct the water jets and to maximize the contact surface with air. On the top, a demister prevents any water drops to enter the condenser. Freshwater condensation takes place in the two air-to-water heat exchangers, diagonally installed to facilitate the water drop fall. A tank collects the condensate at the bottom of the left-hand column. An optional recuperative heat exchanger is located between the dehumidification and the humidification sections: it is fed by the brine collected at the bottom of the humidifier and it allows to heat the circulating air.
The frame is made of anodized aluminum profiles, providing good mechanical properties and high corrosion resistance. External walls are made of polycarbonate, whose transparency allows to easily observe the physical processes within the air circuit.
The prototype is fully instrumented in order to monitor all physical quantities across each component in the air and water flows. The instrumentation devices are summarized in Tab. 1 with their full scale and accuracy. Air flow rate is evaluated measuring the dynamic pressure within the inlet duct of the blower. A multichannel data acquisition system acquires the input analog signals from the instrumentation devices and a LabView virtual instrument (see Fig.  3 ) displays and records the test data.
The prototype is installed on a testing facility equipped to carry out experimental investigations under different operating conditions. Two temperature controllers with 70 kW total thermal power allow to heat the seawater flow rate up to 95°C and to regulate the water temperature entering the humidifier at the set-up level. A 1000 liter tank feeds the desalination unit; the water collected at the bottom of the humidification column is sent to a dry air cooler with 60 kW cooling capacity and then it is recirculated within the plant (see Fig. 4 ). It has to be reminded that for this first experimental investigations water without salt has been used in the seawater circuits, in order to prevent fouling and corrosion issues in the test rig set-up. Four different configurations have been tested (see Fig. 5 ). In addition to the base case (CONF1), an HD desalination unit equipped with a recuperative heat exchanger has been experimentally investigated (CONF2): the airwater HX allows to recover heat from the discharged brine and to elevate the air temperature entering the humidification column. The other two configurations have fill media located in the humidification column, respectively without (CONF3) and with (CONF4) recuperative heat exchanger. The goal is to increasing the exchange surface between air and water and to improve the humidification process. The fill pack is composed of a series of corrugated sheets of high quality PVC, which are assembled with the direction of the corrugations inverted every other sheet and glued together to form modules of 1200 mm x 1200 mm x 600 mm. Three fill packs have been located in the humidifier: Figure 6 shows one of them. 
Experimental results
Firstly, experimental results related to the base configuration (CONF1) are presented and discussed. Refer to Figure  5 for measuring points (1 to 5 for seawater, A to C for air flow). The HD desalination unit has been tested for 9 different operating conditions: seawater temperature and flow rate were set at 23°C (T1) and 0.135 kg/s (L) respectively, whilst seawater temperature at humidifier inlet (T3) was varied in the range 45-65°C and the flow rate ratio L/G in the range 0.5-1.5.
Data recording started after an initial transitory period of about 20 minutes, when stationary conditions were established. Figure 7a shows the productivity (D/L) of the base configuration. It can be seen that the higher is the water temperature entering the humidifier, the higher is the freshwater production: this is due to the bigger amount of moisture that warmer air can hold. Looking at the L/G effect, an optimum can be observed, corresponding at L/G = 1.0, in accordance with previous numerical investigations [6] . Figure 7b reports the specific energy consumption related to CONF1 for the investigated operating conditions. This parameter indicates the required heat input per fresh water unit mass (Esp = Qheat/D). An increase in the seawater temperature entering the humidifier allows to improve the system efficiency and the best performance takes place for L/G = 1.0. Tab. 2 summarizes air and seawater conditions in all measuring points for the case L/G = 1.0 and T3 = 55°C. Measurement campaigns under similar operating conditions were carried out for the other configurations. Only the results for L/G = 1.0 are here reported. Figures 8a and 8b allow to appreciate the benefit of the recuperative heat exchanger and of the fill medium in the humidification section. Looking at the freshwater productivity, no significant improvements occur: freshwater production ranges from 1.8% at T3 = 45°C up to 4.5% at T3 = 65°C for all the cases. This is likely due to a saturation effect in the condensation section, that probably requires more heat transfer surface and currently acts as a bottleneck. On the opposite, a more relevant effect can be observed in the specific energy trend. The recuperative heat exchanger (CONF2 vs. CONF1) allows to save on average about 10% of thermal input. A bigger effect is achieved when the fill packs are located within the humidification column (CONF3 vs. CONF1): in this case, an efficiency increase of about 20% takes place for all operating conditions, thanks to a larger water-to-air contact surface. The combined use of recuperative HX and fill media (CONF4) produces only a marginal efficiency improvement, mainly at low inlet temperatures. 
System modeling
An in-house computer code has been developed to simulate the HD desalination unit and to predict the system behavior. The aim was to have a tool for evaluating the effect of design modifications on the global performance. The model is an evolution of a previous code presented in [6] . Performance maps of the heat exchangers (condenser and recuperative HX) and the 'tower characteristic' kaV/L related to the humidification section were derived from experimental data. Figure 9 shows a comparison between model predictions (dashed lines) and experimental results related to CONF1. In spite of a slight underprediction occurring at the highest temperature for D/L (-13% at L/G = 1.0, see Fig. 9a ) and at the lowest temperature for Esp (-13% at L/G = 0.5, see Fig. 9b ), a general good agreement can be observed both for productivity and specific energy values. The computer code was used to estimate the HD desalination system performance for a wider range of flow rate ratios and input temperatures, in order to have a deeper comprehension of the HD desalination behavior under different operating conditions. L/G and T3 were varied in the range 0.35-2.75 and 35-85°C, respectively: Figure 10 Figure 10a confirms that an increase in the water temperature at the humidifier inlet is always beneficial for the freshwater production. Looking at the flow rate ratio, its effect appears weaker; nevertheless an optimal value around 1.0 (at low temperature) and around 1.5 (at higher temperature) can be noted. The specific energy curve exhibits an interesting behavior: thermal input at very low temperature is detrimental, and this is particularly true at high L/G ratios. The system efficiency significantly increases (and Esp goes down) when seawater is heated at high temperature. In the Esp chart it is clear the presence of an optimal value of L/G and this optimum raises when water temperature increases.
Conclusions
A prototype of a HD desalination system has been designed and assembled at Bergamo University Labs. The unit was fully instrumented and experimentally investigated on a test bench specifically realized for this purpose. Four different configurations have been compared: the effects of a recuperative heat exchanger and of fill media within the humidification column have been evaluated. This work reports the first results of the planned measurement campaign. It was proved that the system is working properly and it is of potential to be used as a desalination unit of seawater.
A computer code has been developed to accurately simulate the HD desalination unit behavior under different operating conditions. The model predictions have been compared with experimental data and a good agreement has been observed. Then the validated code has been used to predict the HD unit performance for a wide range of waterto-air flow rate ratios and inlet heated water temperature. It has been shown that the system efficiency significantly increases if seawater is heated at higher temperature and an optimal value of L/G takes place, whose value varies with the heating source temperature.
